Heat flux and temperature measurements were conducted on a square steel column adjacent to and surrounded by fire sources from the interest in the application to the structural fire safety design of metal structures. The tests on the adjacent fires demonstrate a description of the heat flux profile along the column surface as a single function of the height normalized by flame height for each column-fire distance and notable decrease of surface heat flux by the increase of the column-source distance. Surface temperature of the column in this configuration was found to be notably lower than the estimate from heat flux data based on the uniform heating assumption, which suggests the significance of the conductive heat loss to unheated surfaces of the column. The tests on the surrounding fires has resulted in heat flux profile weakly dependent on heat release rate and coincidence of the measured surface temperature and its estimate from heat flux due to rather even heat flux on all surfaces of the column.
INTRODUCTION
Although steel structures are requested to be protected with thermal insulation in conventional fire safety design, there are many examples where building elements are submitted only to a localized heating during fire. If only a limited part of a structure is exposed to fire, its fire resistance may be significantly different from that obtained assuming uniform temperature distribution. It is believed that the main reason why only uniform heating was considered when analyzing behavior of structures in fire is that the only means of evaluations were standard fire resistance tests on single elements. If we consider such structures as atria, open car parks, railway stations, etc. in terms of fire safety design, types and location of the fire load is generally limited and specifiable. In such cases, any fire would be of a fuel-controlled type, and the fire and the effect of heating on structural members could remain localized. It may be assumed that the rise in temperature is smaller than in the event of all the members being subjected to heating by fire. When a metal structural member is heated only locally in a fire, temperature of the member will rapidly even out due to the accelerated heat conduction through the member itself. These effects have drawn attention of structural engineers, and numbers of large scale tests have been conducted to examine mechanical response of steel structures to natural fires 1, 2) . Also, the authors conducted heat flux and temperature measurements on a steel beam below an inert ceiling above a propane diffusion flame simulating a natural fire and confirmed the relaxation of temperature rise due to the "localized fire effect" 3) . Through comparison between the measured temperature against numerical calculations by using the heat flux correlation as the input, effectiveness of such numerical methods as Finite Element Method and Finite Difference Method as a tool for the fire safety assessment of such structures was also verified 4, 5) .
However, a column should need more careful examination than a beam as a load-bearing element because buckling of a column may cause serious damage to the whole building while influence of the damage of a beam is essentially limited to the local floor slab supported by the beam. Also, column can be heated directly by any nearby burning object in the event of a fire, while the heating of a beam is significant only when the flame becomes large enough to reach the beam. Although considerable studies have been made on the flame heating of vertical building components, most of such works deal with wall fires [6] [7] [8] [9] and there is virtually no heat flux measurement on columns near a flame. When a column is compared with a wall, large difference is anticipated in the flame heating since the entrainment across the column is believed to make the flame length shorter than a wall flame and also cool the column. These should generally make the flame heating of the surface weaker than the wall fire configuration.
In this research, measurements have been conducted using a model scale facility on flame length, flame heat transfer, and temperature field of a steel column exposed to a fire source. Two different experiment al configurations are considered; only one side of the square-sectional column being exposed to a square fire source and the column totally surrounded by a pool fire. The former configuration was chosen to represent the simplest and probably the most plausible geometrical condition of a localized fire and the another represents the "worst case" within the localized fire scenario. Following previous flame heat transfer measurements on walls, ceilings and beams, it has been attempted to correlate the vertical heat flux distribution along the column specimen against the height divided by the flame height. For this purpose, square porous propane burners were used as the fire source and heat release rate was controlled to produce diffusion flame s of different flame lengths. The primary aim of the study is to establish confidence in the "localized fire concept" with steel column and generate flame heat transfer correlations as the boundary conditions for the numerical calculation of the temperature field within the specimen. Temperature was monitored as a touchstone for the validation of such numerical codes.
EXPERIMENTAL DESCRIPTION

General
Two 4.5mm thick, 2.50m tall and 0.15m square steel columns were prepared as the specimen; one with a line of holes for the installation of 15mm diameter Schmidt -Boelter heat flux gages(150kW/m 2 full range) and the another with 0.20mm diameter K-type thermocouples. The upper end of each column was semi-closed in order to prevent excessive pressure rise in the cavity of the column. Temperature was monitored on all the external surfaces of the specimen and in the cavity after the surface temperature of the specimen had reached nearly the steady state. Incident heat flux was measured at the interval of 2 seconds for 2minutes for each heat release rate Q, and we report its average. Flame was recorded with digital video, and the average of visible flame tips height for one minute sampled at the interval of 1 second will be reported. The heat flux and the temperature measurements were conducted independently to avoid intervention between the two measurements. Heat release rate was controlled by fuel supply rate to cover a wide range of flame height within the length of the column. The reported heat release rates are nominal ones calculated assuming the complete combustion. These experiments do not intend to simulate any specific building nor burning object, but the sectional dimension of the specimen is around 1/3 of that of common steel component. Assuming the scaling by 1/3, according to the Froude modeling, heat release rate in these experiments is believed to correspond to a fire source of the heat release rate 15.6(3 5/2 ) times larger than the test condition.
Adjacent Fire Tests
A 0.50m square diffusion burner with propane as the fuel was used as the fire source (Figure 1 ). The burner surface was 450mm above the floor of the laboratory. Heat release rate was controlled to produce a wide range of flame height within the length of the specimen. In order to investigate into the effectiveness of the isolation of the column from the fire source, burner-column distance, L, was changed between 0 and 250mm, i.e. within the range of L/D=0 -0.50. Heat flux was monitored not only on the front surface of the specimen but also on the side surface by rotating the column by 90 degree because the flood of the flame had been observed during preliminary tests especially with low L/D ratio, and it was thought that the heating of the side surface is not ignorable. Table 1 is a summary of the experimental conditions. The reference flame height, L f *, was calculated by experimental flametips 
Surrounding Fire Tests
Eight 0.15m square porous burners were placed around the 0.15m square column to make a 0.45m square burner-column complex. Total heat release rate(nominal) was controlled within the range from 40.5 to 162 kW to reproduce the identical Q* with the adjacent fire configuration. Table 2 is a summary of the experimental conditions. EXPERIMENTAL RESULT
Flame height
Figure3 shows the relationship between Q* and flame height divided by D for the both series of the experiments. The column-fire source distance and the difference of the configuration, whether the adjacent fire or the surrounding fire, do not seem to strongly affect on the flame height correlation.
Though the measured flame heights are generally close to that of unconfined flame tips height established in previous experiments 10) , the power dependence of L f /D on Q* of the current experiments is slightly weaker than that for unconfined flames. It is noteworthy that, at the adjacent fire configuration, if Q* and L/D are sufficient ly small the flame divides into two summits, one creeping along the column and the another right above the center of the burner.
Overall Localized Fire Effect
Degree of the relaxation of the temperature rise of the specimen due to localized heating can be evaluated by comparing measured temperature of the specimen and its estimate calculated from the incident heat flux assuming one-dimensional thermal conduction. The estimate of surface temperature assuming uniform heating can be calculated from T fu = (q"/ es ) 1/4 -273.16 (1) Figures 4(a) and (b) are a summary of the measured temperature on the front surface compared with that calculated from measured heat flux by equation (1) for the both configurations. Emissivity of the column surface, e, was assumed to be unity. For the adjacent fire configuration, the column-burner distance and heat release rate were chosen as L/D=0 and 0.10,and Q=52kW and 255kW. Measured temperature and estimate based on uniform heating using heat flux data for Surrounding Fire Tests
The "localized effect" in the structural fire safety design originates from two independent thermal processes in a metal structure, limitation of the heat flux level compared to fully developed fires and the accelerated heat loss from the directly heated area due to the high conductivity of the material. From the figure4(b), it is evident that, once a column is surrounded by fire, surface temperature of the column becomes very close to its estimate based on the uniform heating. This indicates that the high conductivity of steel no longer contributes to the relaxation of the heating of the column in the surrounding fire configuration.
In the adjacent fire configuration, systematic difference is seen between L/D=0 and L/D=0.1, clearly lower T f /T fu ratio for L/D=0.1(T f /T fu ratio=0.3-0.6) than for for L/D=0(T f /T fu = 0.5-0.9) This significant improvement of the localized fire effect by separating the fire source only by L/D=0.10 is attributed to the limited direct flame exposure to the front surface when the fire source is separated from the column. This effect will be discussed in more detail in the later sections.
Heat Flux
(1)Vertical heat flux distribution on front surface of column, Adjacent fire configuration Table 3 shows digital data of the heat. In previous flame heat transfer measurements on wall and ceiling, it was reported that flame heat flux to adjacent surface is expressed as a function of distance normalized by flame length 3, 6, 8) . Similarly, the heat flux data in the present experiments are summarized against the normalized height (z/L f *) for L/D=0, 0.10, 0.25, 0.50 (Figures5-8). Only little difference was seen when L f * was replaced by the measured flame height, L f . We report the correlations against z/L f * because calculation using fire source information is much simpler on L f * than on L f .
Table 3 Vertical Heat Flux Distribution on a column for Adjacent Fire
In each Figure, there is one significant peak in the range of 0.2 <(z/L f *)<0.4. In comparison with flame heat flux distribution on the wall surface 6, 8) , there is a marked decrease of heat flux downward toward the column base(z/L f *<0.2). This is attributed to the air entrainment to the flame passing by the column base and resulting cooling of the column in the present configuration, whereas there is virtually no entrainment from the wall side in a wall fire configuration. Obviously, heat flux decreases significantly as L/D increases. Within the flame (0<z/L f *<1), even a small distance between fire source and column, L/D=0.1, lowers heat flux almost by half. Also it seen for L/D<0.5 that the bigger L/D becomes, the higher (z/L f *) where heat flux reaches the peak becomes. Also it is noteworthy that, except for L/D=0, there is a systematic difference in the heat flux profile according to heat release rate. However, heat flux is represented as almost a single function of z/L f for L/D=0 except for low heat release rate, say Q=52kW. This single dependence of heat flux on z/L f is similar to the flame hear transfer correlations in wall fire and ceiling fire, and its independence on heat release rate is attributed to the weak dependence of flame radiation on the heat release rate. The heat flux in the solid flame for Q=52kW slightly weaker than others is probably because Q* of this condition is very low and the flame thickness is considerably thin. On the other hand, once the fire source is apart from the column surface, remote radiation from the flame becomes dominant in the surface heating and is controlled by the configuration factor between the flame and the heated surface. The systematic increase of heat flux with the source intensity for L/D>0 is believed to simply reflect the increase of the configuration factor of the flame with respect to heat release rate. The rather strong flame heat flux within the solid flame for L/D=0 irrespective of heat release rate implies that even a small fire source could cause significant flame heating once it directly attaches to a building component. Figures 5-8 suggest significant effectiveness of the geometrical isolation of an unprotected column from any combustible objects.
(2)Vertical heat flux distribution on side surface of column, Adjacent fire configuration
The heat flux distributions on the side surface for L/D=0 are summarized in Table 3 (2) and Figure  9 . Unlike the heat flux to the front surface ( Figure 5 ), there is systematic increase of heat flux with respect to heat release rate. Heat flux to the side surface becomes significantly weaker once the burner is separated from the column. The maximum heat flux increases as the heat release rate becomes larger, and for Q not less than 210kW, it exceeds 10kW/m 2 . Such strong heating of the sides not directly adjacent to the fire source is believed to weaken the heat loss from the front surface. The maximum heat flux appears at z/L f *=0.4. This height is higher than that on the front surface ( Figure 5 ). This is attributed to the horizontal extension of the flooded flame with increase of heat release rate. The vertical heat flux distributions along the surface of the column surrounded by a pool fire are summarized in Figure 10 . Because of the lack of air-cooling of the column by entrainment, there is no significant downward decrease of heat flux in the solid flame. The flux profile for z/L f *>0.5 is close to that for the adjacent fire configuration, however the heat flux at lower z/L f * is notably weaker than for the adjacent fire configuration and is weakly dependent on heat release rate. Since each column surface is exposed to only a half of the whole flame, the flame thickness effective for the heating of each surface is considerably thinner than in the adjacent configuration. The weak and Q-dependent heat flux within the flame in the surrounding fire configuration is attributed to the thinner "effective" flame thickness than in the adjacent fire configuration. From this estimation, it is expected that, for lager fire source intensity, heat flux in the solid flame could become still lager than the present report. Figures 11-14 demonstrate example of vertical temperat ure distributions on the front surface, the side surface, the back surface and the cavity of the. The temperatures calculated using the measured heat flux by equation (1) assuming steady uniform heating are also shown in each Figure for the examination of the conductive effects .Temperature is the highest on the front surface, and temperatures in the cavity and on the side surface show almost similar distribution expect for L/D=0, Q=255kW. The temperature difference in the vertical direction is the most pronounced on the front surface, e.g. the difference between the highest temperature and the temperature just above the flame tips for L/D=0 and Q=255kW being around 500K. Notable temperature difference can be seen also between the front surface and other surfaces especially in the solid flame, e.g. around 400K for L/D=0 and Q=255kW. This strong multidimensional temperature distribution is different from a beam above a localized fire where only the axial temperature profile is pronounced. This suggests importance of the careful modeling of conductive heat loss for a column while even a simple one-dimensional Finite Difference Calculation was found to be effective for the prediction of the temperature field of a beam above a localized fire 5) . The maximum temperature on the front surface appears in the solid flame range(z/L f *<0.5). For L/D=0, Q=255kW, temperature rise on the side and the back surface is far more pronounced than for other conditions. This is attributed to the heating by the flooding flame toward the column sides when fire source is adjacent to the column, as shown in Figure 9 . The front surface temperature in solid flame range(z/L f *=0.5) for L/D=0, Q=255kW (Figure 13 ), is also remarkably higher than that for L/D=0, Q=52kW (Figure 11) . A reason for this is the suppression of the heat loss due to the strong heating to the side surfaces by the increase of the source intensity. Surface t emperature was found to be extremely sensitive to the column-burner distance as seen in the difference between 
Figure 18
Vertical temperature distribution on side surface for surrounding fire ( Q=162kW) (2)Surrounding fire configuration Vertical temperature distribution for each fire source intensity is summarized against z/L f in Figure 15 -18. The surface temperature of the column is generally close to the calculation using the heat flux data assuming steady uniform heating. Temperature within the flame, z/L f <1.0 is generally higher than 300 o C, and the maximum temperature generally reaches the range where degradation of the mechanical properties of steel should be considered.
CONCLUSIONS
Heat flux and temperature distributions along a square column adjacent to and surrounded by a pool fire have been measured. From the results of the experiment, following conclusions can be drawn.
(1) The "localized fire" concept does not seem to apply to a column which can be surrounded by fire. (2) The "localized fire effect " is confirmed for the adjacent fire configuration. In the present tests, the measured temperature rise is found to be 30-90% of its estimate assuming the uniform heating. 
